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NATTONATL, ADVISORY COMMITTEE FOR AERONAUTICS

CONFIDERTIAL BULLETIN

EFFECT OF EXWAUST BACK PRESSURE ON ENGINE POWER

By BenJamin Pinkel

SUMMARY

This bulletin presents datz on the effect of exhaust back
pressure on englne power for 14 alrcraft englnes, The data
show that the effect of exhaust back pressure on englne power
varles with engine speed, rarge of tack pressure and manifold
Pressure lnvolved, and englne type. The use of a single
factor for the variation of power witlh back pressure was found
to be very ineccurate, The only metihod of acourately deter-
mining the effect of pack prossure on engine power that can be
recommend »d at present 1s to test the sprcific engine type at
the engine speed for which the dete are desired, A convenient
method of presenting thuou deta 1s described.

INTRODUCTION

This bulletin wvas prepared et tho roquest of the Subcom-
mittee on Exhaust Cas Turbines of the Natlonal Advisory Commlttee
for Aeronautics, and presents deta outained from members of this
Subcommittee and frcm other sources slowlng the effect of exhaust
back pressure on engino pcwsr for 14 alrcraft ongines. The
results are presented in torr:s of nondimoensional factors wherceby
data tnken at one inlet manifold pressivre may be used to determine
the effoct at other inlet manifold pressuros.

ATTALYSTS

A simplified plcture of the englne cycle provides same
insight into factors that iInfluonco the effect of exheaust back
Pressure on englne power. The equ.tions obtalned from the
simplified plcture will be used as a gulde In detormining the
proper factors for plotting data on tke offect of exhaust back
preapure on englne power, Tho four strokes of the engine
c¢ycle are shown in figure 1. Although the cylinder pressures
are known to vary appreoclably during the inlot arnd sxhaust




sttokes, they are respresented in the simplified diagram as
constant-pressure lines having press'wes equal to the inlet
manifold pressure and tiae exhaust manifold pressure, respec-
tively.

The work Wl is glven Yy
Wy = 778 kymg foot-pounds (1)
vhere

my mas3 of combustible mixture in engine, slugs

h heat released by combuctlornr mour sl:g of combustible
mixture, Btu/slug

Mg thermal efficliency of cycle

The value of hny variss gligntly witl engine epeed and fuel-
alr ratlo in tie rar-o of fue.i-alr ratios between 0,065 and 0,10,

The work VW, 18 gi"'a.n by
Wa =V (‘pm - Pe) ( 2)
where
displacement volume of engine, cublc feet

v
T Inlet manlfold pressure, pounds per sjuare foovu
Pe ©xhaust manifold prcasure, pornds pur square foot

The work Wy done 1;” a geared cupeicharger in compressing
the mixture 1s

W, = Em U2 (3)
where
u supercharger Impeller “ip spc2d, feet per second
K ccofficlent that varler slimi.ly with the voluws of alr
entering superchkarger and s percherger speed
If Wy 1s the work againmst the rcecianical friotion of

the engine withcout superckzi’ger, the total net shaft work W
per cycle is



Wamn 778hnt-K02) +v(pm-pe)-wf (4)
I N
But W/v 1s equal to the not brake mean effective pressure of

the englne and supercharger and Wp/v 1s equal to the friction
mean effective preossure of the engine alone, Therefore

tmep mg \ Dg fmep
— a—2 (776HM, - KU? 1--20 5
v < N + o (5)

If it 1s aesumed, for the sake of simplicity, that the
clearance volume 1s completely filled with exhaust gas at a
Pressure pg at the end of the exraust stroke, and I1f it is

also assumed that this exiaust gas 1s adiabatically compressed
from the pressure pg %to the inlet presoure py by the incoming
charge, then the vol:me occupied by the residual exhaust gas
reduces from v, to

where

Ve Cclearance volume
7e Tratlo of specific heats for oxhaustc gas

Tho volume filled hy fresh clarge 1s then

s i
7 ”e |
Po\. ° 7 or N /Pe\ e
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whers
r compression ratio of engine

By application of tko ges law the mass m, of fresh
charge in thls volume 18
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whore

n constant of englne taking account of the fact that tempera-
ture in cylinder at end of intake stroke differs from
Inlet manifold temperature

T, temperature in inlut renifold, OF absolute

r compresslon ratio of ennine

R gas constant of tle charge, foot-pounds per slug per °F
When equation (6) is substituted into equation (5), there

results

(->L 3 ) S

+1 --2_ 7
Pm Pm (7)
Tquation (7) may be written
bng=77ehnt-KU2f<.p_6.\-+l_£_e._;m_°2 (8)
P RTp Pn/ Py P

In the derivation of eqration (6) the assumption vas made
that sufficlent time wes atallsble for the pressure In the
cylinder to attain inlet mraifcll pressure at the end of the
intake stroke. Although thils conditlon mey prevall at low
eng:ne speed, 1t does not necessarlly hold at high speed. An
additlonal important verlatlc 1s ouviously the veloclty of the
gas/* .hrough the intake port which 1s ro.ghly proportional to
vgN/A

where
N eng.ne speed, revoluctlons per second
A flow area at the In“cke valve, square feet

The expresslon VdN/.1 can be placed in nondimensional form by

dividing by a factor propoitlonal to the velocity of sound
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Equation (8) may be written

7 -
| bmep | 778 - TR B waW N\ Po  fmep

. - —y e} h ] == -

P Fin b Ay, ) P Ta

It may be necessary to introduce a parameter for the exhaust
valve similar to that presented for the inlet valve,

(9)

As in the case of .We, the guantity friction mean effec-
tive pregsure in equation (9) repvesents only the friction of
the' engine moving parts and 4iffers frcm the quantity conven~
tlonally called friction msan effective pressure, The quantity
conventionally called friction is the power regquired to motor
the engine at the same Ilnlet menlfold pressure, exhaust back
progsure, and englne speed 28 prev.lled in the power run, This
quantlty is approximately equal o Wg - Wz + We., If the
frictlon mean effective pressure correspording to tke conven-
tlonal friction is written witli tie eworcript o, then

Si R P ,_—"il-/’l-z‘é),u_zfme
Py RTp \Pn A‘\**‘m/ \ Pn

A numbor of definitions of the Indicated meon effective pres-
sure are possible., Ii too irdicatod mensn effective pressure
1s defined as tmep + (Lfiop),, then

~

Pn  RIn \E—n,A.\/ﬁ_TTn

This irdicated mean effective pressure lncludces only the Indi-
cated work of the compression and expansion strokes Wj.
Another indicated mean effectlve pressure can be defined to
include the indicatoed wcrk of the intake and exbaust strokes
Vi as follows:

imep _ 778hMy Po vaN> ( ) - (11)

N
(imep) 778hr, P N
c t £ ) d (10)

Pm RTp P’ A
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It is Important that 1n sach case 1t be realized which of
these definitions for indicated mean effective pressure is.
being umed.

It is evident from equations (9) to (11) for a given
englne operated at a given engine speed and inlet manifold
temperature that (bmep + fmep)/py, (imep)./p, and
imep/p, are functions principally of De/py and, ina
plot of these fumctions, the same curves will be obtained
for a given engine speed regardless of whether the back
Pressure or inlet manifold precsure ls varled. A different
curve will, however, be obtained for each engine speed. Tn
the usual ca.se the value of friction mean effective pressure
1s vnknown but little disperzion of tle data is introduced
by plotting tmep/p, against po/py when the variation in

Tn 1s small, Different curves for bmep/py against Pe/Dp
will be obtained for different impeller-gear ratios and when
large variatlions in p, oocur,

The curves for diffe:-snt emgines may be expected to be
different because of dif_ererces in the valuss of

(1) VG_H/A.
(2) Ratio of exhaust-valve area to inlet-valve area
(3) Valve timing
" (4) Ratio of the tip speed of the geared supercharger
to the engline speed
(5) Thermal efficiency
(6) vVolumetric efficiency

When a curve of tmop/p, or imep/p, is plotted against
DPo/Pm 1t 1s importenmt thet the data be corrected to the same
inlet manifold temperaturo. Equation (10) indicates that the
engine power varies inversely as the abgsolute inlet manifold
temperature. This analysis, however, 1s approximate because
it does not take into oons‘fd.era.tion phenmnem. that occur in
tho inteke process. Unfortunately, there is no agrecment in
the literature on the variation of engine power with inlet
manifold temperature; various orgarizetions use different
correction factors, Further work with a view to standardizing
this correction is desirable.
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RESULTS AND DISCUBSION

Data on the effect of the exhaust back pressure on engine
power have been recelved from verious sources for the following
.engines: .

Wright 1820-G10SA

Prats & Whitney R-1830-64

Allison V-~1710-38

Allison XV-1710-6

Deimler-Benz 601-A

Navry XV~715-2 ' ‘
Pratt & Vhitney XR-2800~-4

Brigtol Meroury VI

Bristol Pegosus IVITI

Rolls*Royce Merlin 46

Rolls Royoce Merlin IT

Bristol Perseus VIII (sleeve valve)
Brigtol Perseus XII (sleeve valve)
Junkers Jumo JU-211D

These data are shown in figvres plotted as imep/p, or
bmep/p, against pg/py. The renge through which pe and
Dy vary is gliven in the figures in inckes of Hg absolute.

Where large variations in inlet wanifold pressure
occur in any given set of test deta, the curves of . tmep/pp
ageinst pe/D, do not glve en acourete indication of the’
variation of brake mean cffective pressure with exhaust pres-
sure p because the term fmep/pn,, equation (9), is not a
function of pe/pm. The curves of bmep/pp against pe/bm
are omlttod for those cases., This critliclsm does not apply
to the quantity Iimep/p,; end all the dete for which the .
friction horsepowers were known were therefore plotted on the
basis of indicated mean effective pressure regardless of whether
DPe Or Py wes varled. Good correlation of the data on this
basis i1s noted, The indicated mean effective pressure in these,

figures includes’ the oomtributions of the four strokes of the
cycle,

For the purpose of facillitating comparison of the various
engines listed, table I shows the change in brake mean effec-
tive pressure and indicated mean effective pressure per unit
change in back pressure for several representative conditions,




Tae values were obtained by measuring the slopes of tangents
totheourveeoffimesZtolSatthethreevalueeof
Po/Dpy &iven in table I.

In general, thehighertheenginespeed.a.nﬂthelower
the values of Pe/Pm the smaller is the effect of back pres-
sure on engine power. The larger the ratio of impeller tip
speed of the geared supercharger to engine speed the smaller
is the variation of tmep/p, with p,/p,. The curve of
imep/p, ageinst pe/py has the property that it is unaf-
fected by the impeller tip speed of the geared supsrcharger
(£igs. Z(a), 8, 9, 10, and 11) provided tkat the power is
corrected to a constant value of Tp. These conclusions are
in accordance with equasions (9) and (10).

Large differences in the eéffect of exhaust back pressure
on engine power 1s noted among the engines listed. These
@ifferences are possibly the result of the differemce in valve
overlap between the engines, Further work 1s required to
Provide an insight into the cause of this difference.

CORCLUSIONS

On the basis of the analyses presented. the following
conclusions may be made:

l, A eingle factor for the effect of exhaust back presw
sure on engine power is very inaccurate.

2. Acourate values for the effect of back pressure on
power for an engine of a given designation can be obtained

only by testing an engine of the same designation at the engine
speed for which the information 1s desired.

3, The variation of ongine power with exhaust back pres-
sure decreases as engine speed and inlet manifold pressure
increase and as exhaust back pressure decreases.




4. From a plot of imep/p, against pe/py data on the
offoct of exhaust back pressure on englne power obtalned at one
inlet manifold pressure can be used to calculate the effect of

back preasure at other inlet manifold pressures.

Aircraft Engine Research Laboratory, .
National Advisory Committee for Aeronautics,

Cleveland, Ohlo,
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TABLE I. - CHANGE IN BRAKE MEAN EFFECTIVE PRESSURE AND INDICATED MEAN EFFECTIVE
PRESSURE PER UNIT CHANGE IN EXHAUST BACK PRESSURE
! Impeller tip speed d(bmap)/dpe d(imep)/dp,
.Engine Engine EngIne spees -
designation speed for main stage Pe/Pm Pe/Pn
(rpm) (£t/rev) 0.6] 1.0 1.k | 0.6 | 1.0 | 1.4
Wright 20.6 «2.77| =3.83] ~L.78] _ _ _
1820-G105A 2300 28.8 “2.13| -3.13| —3.70| “2-T4 | -3-83] -L.20
Pratt & 1750 26.2 -1.92 | -2.49[ ~2.77
Whitney 2150 26.2 -1.53 | =1.92]| -2.17
R-1830-64 2450 26.2 -1.11 | -1.63] =1.92
Allison 2000 21.9 “1.43 | -3.83 |-———
V-1710-39 2600 21.9 -1.57| -1.57}|-—---
3000 21.9 21,72 | emmeee | omeeee
Allison 2000 21.9 -2.661 -5.75 |————mm
XV-1710-6 2600 21.9 -1.72] -3.90]-11.50
3000 21.9 =1.25 | ~mmmee |om—n
Daimler-Benz 2000 Hydraulic 1.3 | ~3.00|em—m—=
601-A 2400 drive -1.06 | =2.07|-==—--
Navy XV-715-2 | 1500 4.2 -] -7.30] -7.85
1500 6. 0 |- -6.65] =7.30
2000 .2 feeee- -6.75[ -7.11
2000 16.h ] -5.95|-mm—-
2500 .2 - -6.631 -8.16
2500 16.4 e | =5.96 ]
3100 1.2 - -6.63 |-———v
2100 16.14 e | 5.5 e
3500 4.2 e | -5.65|-——
3500 16.4 -3.00| =5.09|e——e—
Pratt & 1600 21.L4 -1.96 | -2.50] -2.78
Whitney 1800 21.LY -2.33 | -2.86| -3.13
AR-2800-4 2000 21.Ly -2.uh | -3.03] -3.23
2200 21.4Y 1.9 | -2.27|—-—
2Loo 2104 -1.18 | -1.79] -1.96
Bristol 1800 2L.19 -1.81| -3.50f-——-
Mercury VI 2200 24.39 e | =3.20) e
2L00 k.19 |- -2.87 e |- | -2.77] -
Bristol 2250 20.50 <1.68| =3.64]|~==~==] =1.95 | =3.90]-m=—m=
Pegasus XVIII| 2250 29.1:2 -1.53 | ————|-=-—] -1.95 | -3.90}-——
Rolls Royce 2200 25.82 -1.59 | -3.45}——
Merlin L6 24,00 25.82 -1.85 | -3.13|-—--
2600 25.82 ~1.64 | -2.78|-—e
2800 25.82 -1.59| -2.70]e="-
2950 25.82 “1.33 | ~2.56{-—-—
Rolls Royce 2,00 23.05 1.96] =3.u5|-——] -1.96 | -3.70]-—-
Merlin II 2600 23.05 -2.08) -3.23|———-—] -2.04| -3.L5|-——-
2800 23.05 2,13} -2.94)|-——eeem} -2.08 | -3.03]-ece-=
Bristol 1600 -1.45| -3.00] -3.00
Perseus VIII 2000 -1.661 -2.86] -3.12
2200 -1.61| -3.12| -3.12
2400 -l.71| -2.93| -2.33
2600 -1.k9| -2.78| -3.23
2800 -1.L5| -2.56] -3.23
Bristol 2200 -1.67] -3.00] -3.70
Perseus XII
Junkers Jumo | 1950 19.42 -2.42] -Lh.2| -s.27
JU-211D
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Figure 2. - Effect of exhnnltqbnok pressure on engine power for
Wright 1820-Q106A4 engine., Engine speed, 2300 rpm; ratio of
impsller tip speed to engine speed for high blower, 28.8 fest;
for low blower, 20.8 feet; compression ratio, 6.3.
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Figure 3. - Effect of exhaust baok prelllr.-on engine power for
Pratt & Whitney B-1830-64 engine. Ratio of impeller tip speed
to engine speed, 26.2 feet; compression ratio, 8.5.
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Figure 4. - Effeot of exhsust back pressure on engine

pover for Allison V-I1710-39 engine.

Ratio of impeller

tip speed to engine speed, 21.9 feet; compreasion

ratio, 8.85.
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ure 6. = Effect of exhaust back pressure on sngins power for

|
’*111.0! XV~-1710-8 engine. Ratio of impellsr tip apesd to ongine

speed, 21.9 feot; compreasion ratio, 6.85.
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Impeller Pe Py Impeller Pe P
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— O 548811 30,01 21.51-36.11 —_—0 5,88;1  30.,01-30.1% 22,21-38.49
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(v) Engine apeed, 2000 rpm. (c) Engine speed, 2500 rpm.
Figure 7. - Contlnued. Figure 7. - Continued.
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Pigure 8. —~ Effect of exhaust back pressure on engine power for Pratt a Whiiney IR-2800-4
engine. Batio of impeller tip speed to sngine speed for main stage, 21.44 feeot;

auxiliary stage in low gear, 20.20 feet; high gear, 27.14 feot; corrected carburetor-
air temporature, 80° F.
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6

Figure 9. - Effect of exhaust back pressure on engine power for Bristol

Mercury VI engine. Ratio of impeller tip speed to engine speed, 24.19
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Figure 10. - Effect of exhaust back pressure on engine power

for Bristol Pegasus XVIII engine. Ratio of impeller tip
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Figure |2. - Effect of exhaust back pressure on engine power for Rolls Royce Merlin II

engine. Ratio of impeller tip speed to engine speed, 23.05 feet; corrected intake-
air témperature, 80° F.




NACA

Fig. 13
'ifg)opud
[ 1600 “ha.
-—-.cq .~1bq‘ Pe Pm
SN ——0 94T=40.0 22,0
- . - \% ————— A u-?-uuﬁ 26.0
N
8 N t
\‘
Ty
RS
7 ~!‘t5\;
N
R
3 %\
‘\<:Qt
10
| 2000 _T#~
M O 1.8-4k8 339
9 [~ —————A 12.14.0 26.0
> ~ ————0129dkT = H.9
\‘.\ | e ¢ 1601507 37.9
S
8
f >
N ~N
T \\\ ‘\\\
\ 3
Na
'3 n
~C
10
2200
0 N\ﬁ,~\“i\.\~
< o 13.844k.3 29.9
8
el
\‘
4 .
6
2 'Y " 9 .8 1.0 1.2 1.4 1.6 1.8
Flgure 13. - Effect of exhaust back pressure on sngine power for Bristol Porlonl VIiIl

engine. Corrected intake-air temperature, 80° P.




NACA Fig.l4

Rngine speed ' | [ I
| (rpm) Pe Pm
2400 : : (in. Hg ) (in. Hg.)
9 = QA 0 956 29.9
e N N — — — A& 16.3-45.3 33.9
RS \\\ ——————— o 1’.]"“]}.2 26-0
ERTEEE N R R .-._\\\lko\\ X 18.1-45.3% 37.9
8 \ﬂi\ \\
\_\ : \\
NS
N
7 \\\Q
]
s R
ie
g | 2600 >
2800 - \q\‘
s N RN ————— 0 15.4-39.5 2.9
. ~~a \w\ ————a 6.4-38.3 29.9
\4\‘ \G\
NN
7 . o
~Na
N N
6
o2 A4 6 .8 1.0 1.2 1.4 1.6 1.8
P ! Pe/Pm
Figure 13. - Concluded.
1
Pe Pn
rEngi.zm speed (in. Hg.) (4n. Hg.)
(rpm) ———— 0 13.0-L4l4.1 29,9
10 2200 ]
g h\{\
= \o\
F
- \?\
\\
8 \\ .
7 N
2 ol 6 8 - 1.0 1.2 1.4 1.6 1.8
Pe/Pnm
Figure |4. -~ Effect of exhaust back pressure on engme power for Bristol Perseus XII
engine. (Corrected intake-air temperature, 80° F.




NACA Tig. 15

Fuel-air ratio
10 o 0782 ——
& 0665

o .0805

//

tmep/pm
ﬂ
'/

N

N N\

NN
Tl\\

4

.6 .8 1.0 1.2 1.4 1.6
Pe/Pn

Figure 15.~ Effect of exhaust back pressure on engine power for
Junkers Jumo JU-211D engine. Ratio of impeller tip
gpeed to engine speed for high blower, 28.14 feet; for low
blower, 19.42 feet; engine speed, 1950 rpm; compression ratio,
6.7y corrected to carburetor-air temperature, 80°F; pg, 17.2-
35.0 in. Hg: py, 22.9-23.6 in. Hg; supercharger in low gear.
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